Abstract -This paper is aimed at improving the rejection level as well as overcoming the bandwidth limitations for classical coupled-line filters. A planar microwave coupled-line filter employing a quasi-lumped element resonator considerably improving the stopband characteristics is presented. The proposed bandpass filter has a compact footprint, and exhibits good stopband rejection with no repeated passband at twice the center frequency in comparison with the traditional coupled-line filter. By introducing the quasi-lumped element resonator, two transmission zeros at upper and lower stopbands are created, with adjustable locations of transmission zeros for desired performance. The device is fabricated in standard thick-film manufacturing technology. Based on parallel-coupled line theory, the impedance inverter model for this device is developed. The passband filter centered at 5.5 GHz with a 3 dB relative bandwidth of 60 % is implemented with an area of approximately 1J6 x 1J4. Measured and simulated results exhibit good agreement.
I. INTRODUCTION The size reduction and perfonnance improvement of microwave filters remains a great challenge today [1] . Among various types of microstrip filters, one of the most common implementations is based on the quarter-wavelength coupledline sections [2] . It is widely used due to relatively small dimensions and simple analysis techniques [3, 4] . However, the out-of-band rejection level of the traditional parallelcoupled bandpass filter is degraded by spurious response at twice the center frequency.
The present work focuses on a modified filter topology based on coupled-line sections including transmission zeros. In order to achieve sharp rejection and suppressed spurious response at twice the center frequency the quasi-lumped element resonator is implemented. This concept is used to design a microstrip bandpass filter with two transmission zeros, which improves the selectivity of the proposed filter. The presented design procedure overcomes the 50 % bandwidth limit, discussed in [5] , for a coupled-line implementation. We also demonstrate that relaxed dimensions can be used for the coupled-line sections in comparison with traditional design, where the coupled-line gap is generally a critical parameter. Coupled line sections are characterized by the even-and odd-mode characteristic impedances ZOe, ZOo and their respective lengths. The elements L e are introduced for adjustment of the central frequency, which increases the degree of freedom during the design procedure. Inverter theory is applied with the purpose of developing an analytical model for the circuit in Fig. 1 . It is common knowledge that the equivalent circuit of a coupled line section can be modeled as a series connection of transmission lines and K-inverter [2] . Thus, by combining equivalent circuits of the coupled-line sections and quasi-lumped element resonator the equivalent circuit of the filter can be represented as shown in Fig. 2 , where
is the equivalent shunt conductance of the quasi-lumped element resonator; j = H .
This relation is based on the model representation shown in Fig. 2 and relation (1). It can be easily seen that the resonator introduces two zeros in the transmission coefficient. The locations of the frequency transmission zeros can be found by solving the quadratic equation in the numerator (4) and taking into account frequency shifting due to L e • Therefore, the overall frequency response of the filter has two transmission zeros as shown in Fig. 3 . Obviously, the locations of the transmission zeros for this filter may be adjusted by choosing suitable values for LJ,L 3 ,C 2 ,C 4 .
The characteristics of the filter can be derived from the ABCD matrix for the complete circuit, which consists of matrices for the filter components: JZoSinO][_o.
At the same time, due to selective properties of the quasilumped element resonator the spurious response at 210 is suppressed. For reference, the response of the traditional coupled-line filter is shown in Fig. 3 . It can be seen that the same coupled lines in a proposed configuration provide a wider bandwidth. It is known that the wider bandwidth requires a higher coupling level between lines in the traditional coupled-line filter. The coupling level is related to the gap dimension between lines. Therefore in practice, the fractional bandwidth of the traditional filter is limited by technological constraints. Considering the results presented in Fig. 3 , one can conclude that the proposed structure requires lower coupling level for the same frequency bandwidth in comparison to the conventional one.
III. FILTER IMPLEMENTATION AND RESULTS
The proposed filter shown in Fig. 1 is designed for a frequency band 4 -7 GHz and fabricated on a substrate with the relative dielectric permittivity Gr = 3.38 and thickness h = 0.8 mm. Values for the design parameters are presented in Table 1 .
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Using values ZOe, ZOo the coupled line dimensions can be detennined from [2] . The layout of the filter is developed by transfonnation of the lumped components to equivalent microstrip elements (Fig. 4) . The inductors in Fig. 1 are represented as microstrip lines with characteristic impedances ZO(;) and length t(i) using the relation
where c is the speed of light, G ff is the effective dielectric constant, and i is the index of the respective lumped component. The capacitors are transfonned into microstrip patches using relation for a parallel plate capacitance with area Am:
e ( respectively. The method of moment simulations are used to take into account parasitic coupling between filter elements.
(a)
Lumped elements, used for a model development, are frequency independent. To achieve better accuracy over a wide frequency band, the layout parameters are adjusted using well-developed microstrip transmission and coupled-line models. Fig. 5 shows the geometry of the classical parallel coupledline filter and a modified bandpass structure which has an improved stopband characteristic and relaxed requirement to the coupling of the coupled lines.
Suitable filter layout is adopted to reduce the filter size resulting in a total occupied area of A/6 x A/4. A picture of the filter is shown in Fig. 6 The simulation and measurement results are presented in Fig. 7 .
Good agreement between measured and simulated results is observed over a wide frequency band. The minimum measured insertion loss is 0.8 dB, including the connector and the feed line loss. Transmission zero at 3.7 GHz is observed as expected. Transmission zero at upper stopband is slightly shifted to a higher frequency region. Though the filter is equivalent to a parallel-coupled bandpass filter, there is no repeated passband at 2/0. The proposed structure exhibits a 3 dB fractional bandwidth of 60 %. The fractional bandwidth is defined as 
V. Conclusion
In this work, an effective method to realize two transmission zeros has been provided to achieve sharp rejection in a parallel-coupled bandpass filter. In addition, the proposed design exhibits no repeated passband at twice the center frequency. A filter has been designed and fabricated for the demonstration of the compactness and improved performance of this technique. The measured results are well matched with the simulated predictions. The fabrication technology is simple, inexpensive, and does not require via-holes. The filter exhibits a 3 dB bandwidth of 60 % and an insertion loss of 0.8 dB. The proposed method is suitable for a wideband as well as for narrowband applications. The developed filter is intended to be used in a microwave camera for medical applications.
For some applications, higher stopband attenuation may be required. This can be achieved by increasing the order of the filter. The design of higher order filters is based on cascading several similar cells, as indicated schematically in Fig. 5 .
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